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1  | INTRODUC TION








































suitable	 habitat	 of	 benthopelagic	 Antarctic	 toothfish,	Dissostichus 
mawsoni,	will	 rapidly	diminish	within	three	decades,	while	changes	
in	 the	 distribution	 of	 a	 key	 phytoplankton	 species,	 Fragilariopsis 
kerguelensis,	 are	 predicted	 to	 be	minimal	 even	 under	 a	 high	 emis-
sion	scenario	(Pinkernell	&	Beszteri,	2014).	Byrne,	Gall,	Wolfe,	and	
Aguera	(2016)	also	predicted	favourable	conditions	for	the	invasive	
Arctic	 seastar,	 Asterias amurensis,	 to	 expand	 its	 introduced	 range	
in	 Southern	 Australia	 to	 waters	 surrounding	 sub‐Antarctic	 and	




There	 has	 been	 growing	 appreciation	 for	 the	 ecological	 im-
portance	of	 lanternfish	 (Family	Myctophidae),	 a	 species‐rich	and	
abundant	 group	 of	 fishes	 that	 inhabit	 the	 mesopelagic	 zone	 of	
the	open	ocean	 (200–1,000	m).	 In	the	Southern	Ocean,	they	are	
the	most	successful	pelagic	fish	species	in	terms	of	diversity,	bio-
mass	 and	 abundance,	 with	 over	 60	 species	 recorded	 below	 the	
sub‐Tropical	 Front	 (Duhamel	 et	 al.,	 2014)	 and	 an	 estimated	 bio-
mass	of	between	212	and	396	million	tonnes	(Lubimova,	Shust,	&	
Popkov,	1987),	although	this	biomass	could	be	an	order	of	magni-
tude	higher	 (Kaartvedt,	 Staby,	&	Aksnes,	 2012).	 Their	 numerical	
dominance	is	associated	with	a	vital	role	in	ecosystem	functioning,	
particularly	as	a	trophic	link	between	primary	consumers	(e.g.,	co-

















We	 use	 ecological	 niche	 models	 (ENMs)	 that	 account	 both	 for	
surface	 and	 deep	 water	 environmental	 conditions	 to	 estimate	
distributions	under	current	conditions	and	for	projected	distribu-
tions	under	multiple	 future	scenarios	and	time	periods.	We	then	
relate	 these	 responses	 to	 three	 different	 species	 traits:	 thermal	
tolerance	 range,	 latitudinal	preference	and	body	 size.	Recent	 in-
vestigations	into	this	lanternfish	community	have	found	that	com-
plex	 macroecological	 patterns	 governing	 their	 distribution	 and	
size	 structure	 are	 likely	 to	 affect	 species	 responses	 to	 change.	
















tween	 35	 and	 75˚S	 were	 downloaded	 from	 the	 Global	 Biodiversity	
Information	 Facility	 (GBIF).	 The	 10	 species	 with	 the	 highest	 number	
of	 records	 were	 retained	 for	 analyses,	 these	 being:	 Electrona antarc‐
tica, Electrona carlsbergi, Gymnoscopelus bolini, Gymnoscopelus braueri, 
Gymnoscopelus fraseri, Gymnoscopelus nicholsi, Gymnoscopelus opisthop‐














Seven	 environmental	 predictors	 were	 selected	 on	 which	 to	 build	
ecological	niche	models	under	present‐day	conditions.	These	were	
sea	surface	temperature	(SST),	sea	surface	salinity,	temperature	at	
200	m,	 salinity	 at	 200	m,	 primary	 productivity,	 dissolved	 oxygen	
and	 bathymetry.	 These	 were	 chosen	 based	 on	 their	 physiological	
importance	for	marine	ectotherms	and	previous	results	demonstrat-
ing	 their	 significance	 as	 determinants	 of	 marine	 species	 distribu-













the	 NOAA/ESRL	 Physical	 Sciences	 Division	 Climate	 Change	Web	
Portal	(Scott,	Alexander,	Murray,	Swales,	&	Eischeid,	2016).
2.3 | Future climate data
Future	 climate	 data	 were	 derived	 from	 the	 fifth	 phase	 of	 the	
Coupled	Model	 Intercomparison	Project	 (CMIP5)	 and	 are	 detailed	










Six	 future	environmental	 predictors	 (bathymetry	 remained	un-
changed)	were	extracted	for	each	ESM,	RCP	and	time	period	using	
the	 NOAA/ESRL	 Physical	 Sciences	 Division	 Climate	 Change	Web	




which	 accounts,	 as	 much	 as	 possible,	 for	 artefactual	 differences	
between	simulated	and	observed	present‐day	climates.	A	full	sum-





MaxEnt	 v.	 3.3.3	 (Elith	 et	 al.,	 2011;	 Phillips,	 Anderson,	 &	 Schapire,	
2006;	Phillips	&	Dudik,	2008).	MaxEnt	models	the	environment	from	
a	range	of	 locations	across	the	study	region	(“background	sites”)	to	
discriminate	 against	 the	 environment	 at	 locations	 where	 species	
are	 known	 to	be	present	 (“presence	 sites”).	 In	doing	 so,	 the	model	
predicts	the	relative	suitability	of	the	environment	for	each	species	
across	the	study	region.	The	modelling	algorithm	MaxEnt	was	chosen	
for	 its	 repeatedly	 high	 performance	 against	 other	 ENM	algorithms	
(Elith	 et	 al.,	 2006;	 Monk	 et	 al.,	 2010;	 Ortega‐Huerta	 &	 Peterson,	
2008).	Moreover,	MaxEnt's	capacity	to	use	presence‐only	data	is	ap-
propriate	 given	 the	high	potential	 for	 errors	 under	 a	 presence–ab-
sence	approach	with	mesopelagic	species,	due	to	the	 low	sampling	
effort	relative	to	the	potential	habitat	area	available,	the	spatial	bias	
of	 sampling	 across	 the	 region	 and	 net	 avoidance	 behaviour	 being	
common	in	these	species	of	lanternfish	(Collins	et	al.,	2008).
All	 ENMs	were	 run	 using	 a	 10‐k	 cross‐validation	method,	 and	
30%	of	occurrence	data	were	reserved	for	model	testing.	Only	lin-








just	 areas	 that	 are	more	heavily	 sampled	 (Phillips	 et	 al.,	 2009).	All	
other	MaxEnt	settings	were	kept	as	default.
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We	acknowledge	 high	 correlation	 between	 some	 environmen-
tal	predictors	(Table	S2.2	in	Appendix	S2),	and	including	correlated	






































2.6 | Predicting distributions under 
future conditions

























maps	 of	 distribution	 change	were	 summed	 to	 visualize	 the	 spatial	





Before	 quantifying	 changes	 between	 present	 and	 future	 dis-




calculated	 for	 each	 species	 both	 under	 present	 and	 future	 condi-
tions	using	the	Calculate	Geometry	tool	of	ArcGIS	v.	10.5.1.	(ESRI,	







the	mean	 values	 for	 each	metric	 (ΔSHA	 and	ΔCL)	 under	 RCP	 8.5	
were	correlated	against	three	species	traits—species’	minimum	lat-
itude	of	occurrence,	 realized	 thermal	niche	 (i.e.,	 thermal	 tolerance	
range)	and	maximum	attained	size	(standard	length)—using	the	non-
parametric	 Spearman's	 rank	 correlation	 coefficient	 (r)	 to	 account	
for	nonlinear	relationships.	Minimum	latitude	values	were	obtained	






as	 the	temperature	range	 in	which	populations	persist	 in	 the	wild.	
Maximum	 attained	 size	 data	 were	 taken	 from	 values	 reported	 in	
Hulley	(1990).
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3  | RESULTS
A	 total	 of	 2,918	 occurrence	 records	 were	 used	 in	 analyses	 (see	
Appendix	S2,	Figure	S2.3).	All	MaxEnt	models	had	AUC	scores	cat-
egorized	as	 fair	 (0.7–0.8)	 to	good	 (0.8–0.9)	and	omission	 rates	be-
tween	0	and	0.019	 (Table	1).	SST	and	temperature	at	200	m	were	
the	variables	of	 greatest	permutation	 importance	 for	most	ENMs,	
followed	by	primary	productivity	and	salinity	at	200	m.	For	seven	
out	of	10	species,	SST	was	the	variable	that	gave	the	highest	AUC	
score	when	 each	 variable	was	 run	 independently	 in	 the	 jackknife	
procedure	 (Table	 1).	 Dissolved	 oxygen	 was	 the	 highest	 predictor	
for	G. braueri,	while	salinity	at	200	m	was	the	highest	predictor	for	
G. nicholsi and G. bolini.
3.1 | Present‐day distributions
MaxEnt	 predictions	 under	 present‐day	 conditions	 reveal	 broad,	
circumpolar	distribution	patterns	 for	each	 species	 (Figure	1).	Both	
E. antarctica and G. opisthopterus	have	core	distributions	ranging	from	
the	 Polar	 Front	 to	 the	 Antarctic	 continental	mass.	Gymnoscopelus 
nicholsi and G. braueri	 also	 extend	 as	 far	 south	 as	 the	 Antarctic	
continental	mass	but	are	bound	 to	 the	north	by	 the	sub‐Antarctic	
Front.	Gymnoscopelus nicholsi	is	estimated	to	have	a	higher	suitability	
around	 shelf	 and	 slope	 areas,	while	G. braueri	 avoids	 these	 areas.	
The	Polar	Front	marks	 the	 southern	distribution	 limit	 for	G. bolini,	
G. fraseri and P. tenisoni,	while	E. carlsbergi,	K. anderssoni and P. bo‐
lini	have	modelled	distributions	that	are	centred	on	the	Polar	Front	












2099.	There	 is,	 however,	 a	pattern	of	 increasing	 suitable	habitat	
at	species’	poleward	edges	and	decreasing	suitable	habitat	at	the	






Two	 species,	G. fraseri and G. opisthopterus,	 are	 consistently	
projected	 to	 lose	 suitable	 habitat	 area,	 losing	 on	 average	 8.9	
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century	under	RCP	8.5,	E. antarctica and G. nicholsi	are	projected	
F I G U R E  1  Estimated	conditional	probability	of	presence	for	10	species	of	lanternfish	predicted	using	MaxEnt	ecological	niche	models.	
The	position	of	the	main	oceanographic	fronts	in	the	Southern	Ocean	are	shown:	sub‐Tropical	Front	(dashed	black	line),	sub‐Antarctic	Front	
(black	line),	Polar	Front	(red	line)	and	Southern	Antarctic	Circumpolar	Current	Front	(black	dotted	line)
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Number of climate models in agreement
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to	lose,	on	average,	a	respective	1.4	and	2.4	million	km2	of	habit-
able area.
With	 the	 exception	 of	 P. tenisoni,	 all	 species	 are	 predicted	 to	
undergo	 a	 southward	 shift	 in	 their	 centroid	 latitude,	 irrespective	
of	emission	 scenario	or	 time	period	 (Figure	5).	By	 the	 time	period	
2050–2099,	the	mean	poleward	shift	across	species	is	estimated	to	
be	98.1	km	under	RCP	4.5	and	224.5	km	under	RCP	8.5	(Figure	5),	
corresponding	 to	 a	 rate	 of	 10.9	 km	 and	24.9	 km	per	 decade.	 The	
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F I G U R E  4  Multimodel	ensemble	mean	(±1	SD)	of	the	predicted	change	in	suitable	area	for	10	species	by	(a)	2006–2055	and	(b)	2050–
2099,	under	stabilizing	and	increasing	emission	scenarios,	RCP	4.5	and	RCP	8.5,	respectively
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fastest	 shifting	 species	 is	 predicted	 to	 be	 E. carlsbergi,	 with	 a	











between	 a	 species’	 predicted	 rate	 of	 distribution	 shift	 (ΔCL;	 km)	
and	body	size	 (r2	=	0.24,	p	=	0.51,	n	=	10)	or	minimum	 latitude	of	








sea	 temperature	at	200m	depth	 rather	 than	 sea	 surface	 tempera-
ture	was	used	to	represent	niche	values	(r2	=	0.64,	p	=	0.04,	n	=	10).	
Additionally,	we	found	a	significant	negative	correlation	between	a	
species’	 currently	 realized	 thermal	 niche	 and	 the	mean	 latitude	of	
its	occurrence	(r2	=	0.78,	p	=	0.01,	n	=	10;	Figure	6b)	showing	that	





myctophid	 fishes	have	 fine‐scale	patterns	of	habitat	 suitability,	 in-
cluding	affinities	or	avoidance	of	shelf	regions,	and	associations	with	
certain	water	masses.	Overall,	these	patterns	are	in	agreement	with	
previous	 biogeographical	 studies	 of	 these	 species	 (Hulley,	 1981,	




al.,	 2014;	Mormède,	 Irisson,	&	Raymond,	2014).	 This	 is	 reassuring,	
as	the	choice	of	environmental	parameters	and	modelling	algorithm	











F I G U R E  5  Multimodel	ensemble	mean	(±1	SD)	of	the	predicted	change	in	centroid	latitudinal	distribution	for	10	species	by	(a)	2006–
2055	and	(b)	2050–2099,	under	stabilizing	and	increasing	emission	scenarios,	RCP	4.5	and	RCP	8.5,	respectively
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The	extreme	complexity	of	 the	natural	system	results	 in	 limitations	
to	our	methodology.	Our	models	do	not	 take	 into	consideration	 in-
terspecific	 biotic	 interactions	 such	 as	 the	 presence	of	 predators	 or	
prey,	which	can	have	a	significant	 impact	on	the	modelled	range	of	
a	species	 (Araujo	&	Luoto,	2007;	Bateman,	VanDerWal,	Williams,	&	














affect	 environmental	 tolerances	 and	maintain	 present‐day	 distribu-
tions.	Rapid	adaptations	have	been	recorded	for	some	species,	such	as	
the	observation	by	Irwin,	Finkel,	Muller‐Karger,	and	Ghinaglia	(2015)	
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community	has	 remained	 largely	unchanged	over	 the	past	80	years	











































E. antarctica, G. braueri, G. fraseri, G. nicholsi and G. opisthopterus have a 
higher	probability	of	losing	suitable	habitat	area	by	the	end	of	the	cen-
tury,	while	E. carlsbergi, G. bolini, K. anderssoni, P. bolini and P. tenisoni 
have	a	higher	probability	of	gaining	suitable	habitat	area.	For	some	of	
the	species	 investigated,	 the	direction	of	change	was	highly	depen-






the	variability	in	the	outcomes	of	E. antarctica, G. braueri and G. nich‐
olsi	can	be	contributed	to	the	two	ESMs	from	the	NOAA	Geophysical	
Fluid	 Dynamics	 Laboratory	 (GFDL),	 namely	 models	 GFDL‐ESM2M	
and	GFDL‐ESM2G	(Figure	S2.10	in	Appendix	S2)	as	these	are	the	only	
ESMs	to	predict	large	areas	of	SST	cooling	south	of	50°	latitude.	This	











suitable	habitat,	while	a	wide	 thermal	 tolerance	 range	 is	 correlated	





Importantly,	 species	with	narrow	 thermal	niches	are	also	 those	
found	at	higher	latitudes,	suggesting	some	physiological	differences	
between	Antarctic	and	sub‐Antarctic	species.	High‐latitude	species	
including	E. antarctica,	G. opisthopterus and G. braueri	may	therefore	










(2017)	who	 found	 that	endemic	Antarctic	 species	had	some	of	 the	
narrowest	 thermal	 ranges	 out	 of	 ~1,000	 species	 south	 of	 40°	 and	
were	also	the	species	most	likely	to	face	a	future	reduction	in	habitat.
Some	 of	 the	 most	 extreme	 changes	 in	 suitable	 area	 occur	 in	
sub‐Antarctic	 species	 that	 are	 rarely	 found	 south	of	 the	Polar	Front	
(Duhamel	et	al.,	2014).	Gymnoscopelus fraseri	 is	found	to	have	a	simi-
lar	thermal	tolerance	range	to	that	of	K. anderssoni and P. bolini	yet	is	
predicted	to	undergo	the	most	severe	reduction	in	area	out	of	all	the	
species	analysed.	The	 lower	mean	 latitude	of	G. fraseri	suggests	that	
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regions	south	of	the	Polar	Front	will	remain	unsuitable	for	this	species	
by	the	end	of	the	century,	and	it	is	therefore	unable	to	expand	its	range	









4.4 | Consequences for the Southern Ocean 
pelagic ecosystem
According	to	our	findings,	by	the	mid‐21st	century	Antarctic	waters	
(i.e.,	 south	of	 the	Antarctic	Polar	Front)	will	 become	more	 favour-
able	for	smaller,	sub‐Antarctic	species	of	lanternfish.	This	may	have	
a	combined	effect	of	increasing	the	diversity	of	the	mesopelagic	fish	
community	 at	 high	 latitudes	 and,	 by	 increasing	 the	 proportion	 of	
small‐bodied	 species,	 cause	 a	 community	 shift	 in	mean	body	 size.	
In	 the	 Southern	Ocean,	 lanternfish	 occupy	 a	 key	 trophic	 position	
and	provide	a	major	link	between	zooplankton	and	higher	predators	
(Cherel,	 Fontaine,	 Richard,	 &	 Labat,	 2010;	 Saunders	 et	 al.,	 2015).	
An	increase	in	smaller	lanternfish	species	could	therefore	alter	food	
web	 dynamics	 as	 most	 species	 from	 the	 genera	Krefftichthys and 
Protomyctophum	 largely	 consume	 small	 copepods	 (Saunders	 et	 al.,	
2015a,	2015b)	while	the	larger	myctophids,	expected	to	decline	in	
range	(e.g., E. antarctica, and G. opisthopterus),	have	a	diet	dominated	
by	 euphausiids	 including	Antarctic	 krill,	Euphausia superba (Hulley,	
1990;	Saunders	et	al.,	2014,	2015a).
Lanternfish	often	comprise	up	to	90%	of	fish	preyed	upon	by	king	
penguins,	Aptenodytes patagonicus	 (Cherel	 &	 Ridoux,	 1992;	Olsson	
&	North,	 1997);	 southern	 elephant	 seals,	Mirounga leonine	 (Daneri	
&	 Carlini,	 2002);	 Antarctic	 fur	 seals,	Arctocephalus gazella	 (Daneri,	
Carlini,	 Hernandez,	 &	 Harrington,	 2005);	 and	 flighted	 seabirds	
(Hopkins,	 Ainley,	 Torres,	 &	 Lancraft,	 1993).	 Thus,	 poleward	 range	
shifts	 among	 sub‐Antarctic	 lanternfish	 may	 have	 negative	 conse-
quences	for	predators	that	rely	on	foraging	grounds	north	of	the	Polar	
Front	 (e.g.,	 colonies	 on	 Kerguelen	 and	 Crozet	 islands),	 while	 those	









Overall,	 we	 have	 shown	 that	 despite	 their	 broad,	 circumpolar	
distributions	 and	 distance	 from	 human	 centres	 of	 population,	 the	
biomass‐dominant	 species	 of	 Southern	 Ocean	 lanternfish	 are	 not	
immune	 from	 climate‐induced	 impacts.	 Species	 are	 predicted	 to	
experience	distribution	shifts	and	changes	 in	their	suitable	habitat	
which	is	 likely	to	alter	the	community	size	structure	and	may	have	
negative	 consequences	 for	 trophic	 interactions	between	prey	 and	
predators.	We	find	that	the	direction	of	a	species’	response	is	depen-
dent	on	the	interplay	between	species’	physiology	(realized	thermal	
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